Many new disease genes can be identified through high-throughput sequencing. Yet, variant interpretation for the large amounts of genomic data remains a challenge given variation of uncertain significance and genes that lack disease annotation. As clinically significant disease genes may be subject to negative selection, we developed a prediction method that measures paucity of non-synonymous variation in the human population to infer gene-based pathogenicity. Integrating human exome data of over 6000 individuals from the NHLBI Exome Sequencing Project, we tested the utility of the prediction method based on the ratio of non-synonymous to synonymous substitution rates (dN/dS) on X-chromosome genes. A low dN/dS ratio characterized genes associated with childhood disease and outcome. Furthermore, we identify new candidates for diseases with early mortality and demonstrate intragenic localized patterns of variants that suggest pathogenic hotspots. Our results suggest that intrahuman substitution analysis is a valuable tool to help prioritize novel disease genes in sequence interpretation.
INTRODUCTION
High-throughput sequencing generates large amounts of genomic data for clinical application and discovery of human disease genes. Interpretation of sequence results, however, remains a major challenge. Exome sequencing reveals variants in many genes, and it is critical to distinguish pathogenic variants from others. Previous gene annotation and inheritance patterns are important for interpretation, but variants often reside in functionally uncharacterized genes. Since sequence data from control populations reveal significant deleterious variant burden, understanding this variation could help in interpreting individual gene effects and their importance in disease phenotypes. Loss-of-function (LoF) variants, for example, are widespread in populations, though the frequencies of individual variants are rare (1 -3) . Effects of these variants could be tempered by carrier status or by the lack of impact for the phenotype. Missense variants are very common and pose additional challenges for exome interpretation. Although a variety of prediction methods assess the potential effects on function (4, 5) , variants in genes that lack disease annotation are often difficult to interpret.
Variants predicted to disrupt protein function could play a role in disease or not, depending on the gene's function. Deleterious variants could persist in the population if they affect genes that do not alter reproductive fitness. Additionally, they could arise in critical genes where the variants would be subject to selection and would not persist in the population. Few studies have examined how to rank disease genes resulting from exome analyses for diagnostic interpretation (6) . Here, we focus on interpreting exome data particularly for severe disease states. These are particularly important to recognize for disease prediction and for their clinical implications.
The ratio of non-synonymous to synonymous substitution rates (dN/dS ratio) (7) has been used to indicate how evolutionary selection pressure affects protein-coding sequence, particularly between species (8, 9) . A low ratio may indicate a negative selection, whereas a high ratio may indicate a positive selection. An interspecies ratio between human and primates has been used to indicate selection and is used in algorithms to predict the role of individual genes (10) . Interestingly, far fewer studies have used the substitution ratio within one species to help predict effects (11) , and this may be due to questions about the ratio's applicability within species (12) . However, with the growing amount of human sequencing data, one can test the utility of this ratio broadly.
To assess the population presence of genomic variants and potentially deleterious burden, we can integrate data from control population exome studies with each human gene-disease association in Online Mendelian Inheritance In Man (OMIM, http:// www.omim.org) and use these data to develop a measure of potential pathogenicity. The presence of deleterious variants in a given population may depend on whether the particular gene affected leads to adult or childhood disease, or whether the variant is present in a carrier status. To test this in a scenario where potential deleterious mutations may have a strong effect, we analyzed X-chromosome variants and integrated OMIM phenotypic data to understand the effects of exome variants in the NHLBI Exome Sequencing Project (ESP). We hypothesized that rare variants for X-linked diseases that affect reproductive fitness may be depleted in adult populations, particularly those causing a significant pediatric disease. LoF variants in genes that persist in populations may be tolerated due to individual carrier status, benign effects on protein or a gene's low effect on fitness. We present findings to assist in exome variant interpretation using a per-gene analysis and an intragenic variant distribution pattern. We also analyze all X-chromosome coding genes and their variants in the NHLBI ESP to identify new candidates for early-onset disease-associated genes.
RESULTS

Bulk variant analysis
We examined all variants on each chromosome, combining all 6503 exome results in the NHLBI GO ESP (http://eversusgs. washington.edu/EVS/) (1), and we analyzed predicted variant effects. Non-synonymous (missense) variants accounted for 34.6% of the total repertoire of variants, whereas synonymous variants accounted for 21.1% (Supplementary Material,  Table S1 ). Splice, frameshift and stop variants, likely important in protein function [putative LoF variants], accounted for 2.3%, and the remaining fraction was comprised of intronic and other types. We examined the repertoire of these variants for each chromosome, recognizing each chromosome has a different size, coding gene density and region. The X-chromosome had a low overall ratio of non-synonymous to synonymous variant diversity relative to the autosomes (lower than all the autosomes but chromosome 22; Fig. 1A ). The ratio of LoF variants versus synonymous variants was the lowest for the X-chromosome compared with the autosomes (Fig. 1B) . A relative depletion of functional variants on the X-chromosome could indicate effects of selective pressure. Since ESP data are largely from adult individuals (1), we predicted that further variant analyses with these individuals could help identify patterns of variant retention and potential loss. We therefore focused our subsequent studies on the X-chromosome (Fig. 2) .
We examined all variants in X-chromosome protein-coding genes in the ESP database and found that synonymous, intronic and missense variants were the most abundant and accounted for 93.5% of the total repertoire of exome variants on X-chromosome (Table 1) . Stop, frameshift and splice-site variants, potentially causing LoF for the affected genes, were considered putative LoF variants (2) and were depleted on X, comprising only 1.5% collectively, lower than the average ratio of 2.3% for LoF variants from all the other chromosomes. Among all the variant sites on the X-chromosome, 28.8% (14 032 out of 48 678) occurred in OMIM disease genes, but the vast majority of variants were in genes not characterized for disease. Interestingly, there was a marked depletion of LoF variants in the OMIM disease genes compared with other variants, supporting the potential deleterious nature of LoF variants (Table 1, x 2 test, P-value ,2.2e -16).
Non-synonymous/synonymous substitution ratio for disease gene prediction
We hypothesized that certain disease-related genes may be undergoing strong selective pressure on the X-chromosome, particularly severe diseases that affect reproductive fitness. Such genes would be highly constrained for functional variation, would lack LoF mutations and would also have a relatively lower number of non-synonymous variants in the population.
Given the large number of missense variants of unclear function that can accompany sequence data, we tested whether the ratio of non-synonymous to synonymous substitution rates (dN/dS) for each gene could help identify genes under selection by human diseases. The total number of possible synonymous and nonsynonymous sites varies for each gene. Thus, to compare across genes, we normalized the observed number of specific variants by the total possible number of either non-synonymous variants or synonymous variants to generate a non-synonymous ratio (dN) or a synonymous ratio (dS), respectively (13) . Total possible synonymous and non-synonymous sites were predicted using DnaSP (14) , and we calculated the number of nonsynonymous (N) and synonymous (S) variants for each canonical transcript for each X-linked gene using bulk data from the NHLBI ESP variant server. Consistent with loss of nonsynonymous versus synonymous variants, the non-synonymous ratio (dN) distribution of genes was lower than the synonymous ratio (dS) distribution of genes (Supplementary Material, Fig. S1 ). By calculating the dN/dS per gene, where a low dN/ dS ratio could indicate increased selective pressure on a particular gene, we tested this ratio and then generated a ranked list of potential disease candidate genes.
To test the utility of the dN/dS ratio to predict disease candidate genes, we first compared the dN/dS ratio for OMIM-annotated disease genes and genes lacking disease association on the X-chromosome. We defined OMIM disease genes as genes that have annotated disease phenotypes in the OMIM database. All other genes that were not annotated in disease by OMIM were defined as non-OMIM disease genes. OMIM disease genes had a significantly lower dN/dS ratio compared with nondisease genes (Fig. 3A , P-value ¼ 6.38e205, two-sample Wilcoxon test), supporting the potential utility of this ratio in gene prioritization.
To test whether the dN/dS score might indicate genes associated with disease severity, we compared the dN/dS ratio for genes that are associated with diseases of different onset and death. We reasoned that diseases affecting children or adults (and their severity) might affect the presence or absence of mutations in a given sequenced population. We again considered our dN/dS calculations from the ESP population, which almost entirely consists of adult variant data, and hypothesized that this ratio would be altered further in childhood disease genes. We considered all X-linked disease genes and the typical time for disease onset or death for each condition. We considered childhood, adulthood or variable categories using data from Orphanet (http://www.orphadata.org) (15) . Genes for childhood-onset diseases and genes for adult-onset diseases were not significantly different in their dN/dS ratios ( Fig. 3B , P-value ¼ 0.6834, Kruskal -Wallis Rank Sum test). However, disease genes associated with childhood death had significantly lower dN/dS compared with those associated with adulthood death diseases ( Fig. 3C , P-value ¼ 0.02972, Kruskal -Wallis Rank Sum test). These data support the potential importance of the calculated dN/dS.
We also compared dN/dS to other currently available measures for ranking putative disease genes, including median combined annotation-dependent depletion (CADD) scores (16) , median conservation scores [phyloP (17) and phastCons (18) ] and combined network scores (19) . These scores use orthogonal information, different from the population variant data used in dN/dS analysis. Lower dN/dS is significantly associated with higher median CADD scores, higher median conservation scores and higher network scores, all of which indicate dN/dS is useful in predicting disease association (Supplementary Material, Fig. S2 ).
In comparing prediction methodologies, we compared the area under the curve (AUC) from receiver operating characteristic (ROC) curves of the dN/dS ratio reflecting the ability to predict X-linked OMIM disease genes with other predicting measures. The dN/dS ratio performs better compared with most individual scoring parameters from the gene-based combined network score (19) (Supplementary Material, Fig. S3 ). dN/dS, as a single score, however does not perform better than combined score approaches, and this is expected as combined scores result from many different individual scores (Supplementary Material, Fig. S4 ). Since dN/dS uses population variant data that the other approaches do not have, it should be a helpful addition to existing prediction methods.
We therefore used a logistic regression model to combine dN/ dS, CADD score and combined network score together to get an all combined probability score (Supplementary Material, Fig. S4 and Table S2 ). We did not include conservation scores because the CADD score already includes these. We found that this all combined score performs better than any of the above scores The human dN/dS calculated from a large adult population therefore may be an indicator for selective pressure, which in turn can help prioritize whether a particular gene is more likely to be related to disease. We ranked all X-linked genes by the dN/dS ratio (Supplementary Material, Table S2 ) and examined the genes with a lowest dN/dS ratio and considered these candidate genes for potential early/severe human phenotypes ( (42) (43) (44) (45) . We manually reviewed the remaining functionally uncharacterized genes for potential disease association and found additional candidate genes with clinical relevance. For example, CLCN4 has been suspected in epilepsy as a de novo variant by exome sequencing (37) . Given this gene prioritization based on dN/dS and our results, we propose that this method can assist in interpretation of genes not yet functionally characterized for disease.
We also calculated population-specific dN/dS ratios for African-American (dN/dS_AA) and European-American (dN/ dS_EA) populations (Supplementary Material, Table S2 ). We found that both dN/dS_AA and dN/dS_EA ratio are lower for OMIM disease genes compared with non-OMIM genes (Supplementary Material, Fig. S6 ). Since many genes at the top of Table 2 were small genes, we analyzed the relationship Figure 2 . Flow chart. All variants from ESP were filtered using all X-linked genes and by variant type, analyzed for prediction and validation. between the coding sequence length and the dN/dS ratio. Although the median dN/dS ratio did not change with different coding sequence length, there was greater variation for small genes (Supplementary Material, Fig. S7 ) as small genes tended to have lower numbers of synonymous/non-synonymous variants. We noted this especially for coding sequences ,500 bp, and therefore results for such small genes should be viewed with that potential variability in mind.
Intragenic variant distribution patterns
To assess intragenic variant patterns, we assessed the distribution of the missense and synonymous variants in ESP across the coding length of all X-linked genes. We found that many genes have missense variants that tend to cluster around certain coding regions and be depleted in other regions, while synonymous variants are evenly distributed. Figure 4A shows density plots of six representative disease-associated genes with such informative distribution patterns, suggesting specific coding regions that may be more sensitive to missense alteration. We also plotted all the pathogenic variants from NCBI ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/) across the coding regions of these genes (Fig. 4B) . Interestingly, we found that pathogenic variants tend to appear at coding regions that are relatively depleted in missense variants. On the other hand, in regions that have relatively high numbers of missense variants, there are fewer pathogenic variants. Figure 4C shows the protein domain structures of these genes. We found that protein domains also correlate with the regions of fewer missense variants in the population and with more pathogenic variants. Most X-linked genes lack disease annotation and variant pathogenicity information, so we similarly examined the distribution of the missense and synonymous variants in these genes using ESP. In many genes, localized regions of missense variant depletion were identified, and these also correlated with protein domain prediction (Supplementary Material, Fig. S8 ). From these results, we propose that specific gene regions with fewer population missense variants are more likely to harbor pathogenic variants and be deleterious in humans.
LoF variants
Although putative LoF mutations (e.g. stops, splice-site mutations) are less common than missense variants, their presence may indicate variant tolerance, and so we analyzed the pattern of LoF on the X chromosome. The 744 putative LoF variants from ESP involved genes at multiple locations on the X-chromosome and did not depend on parameters such as genic GC content; however, when we examined the distribution of LoF variants by gene size, they occurred more in larger-sized genes compared with smaller ones (data not shown). Since variants affecting X-linked disease genes could undergo sexdifferential selection in the population, we examined the male and female distribution of variants as well (Supplementary Material, Table S3 ). Suggestive of a more detrimental phenotype in males, males had fewer variants in four of five categories of putative LoF variants (splice-3, splice-5, stop-gain and stop-lost), with stop gains particularly depleted. While some of the differences might be explained by fewer male samples when compared with female samples in ESP, stop gains were even further depleted (12 stop gains in females versus 3 in males). Alternatively, in exome data, sometimes predicted variant effects were not clear, even with putative LoF variants. For example, by analyzing the position of variants in genes, we found a predilection for stop-gain variants at the beginning of genes (Supplementary Material, Fig. S9 ). Some of the stops near the beginning of genes had codons that could be alternative starts sites (2 of 4 genes, MAGT1 and NYX, have alternative start sites), while some stops (6 of 12 genes) may not affect gene function as they would not be subject to Nonsense-mediated mRNA decay (NMD) (46) . Therefore, not all stop variants were of clear functional consequence and would need further functional testing. Genes with LoF variants may be tolerated in the population if they do not affect reproduction. One would also predict that the same genes with LoF point mutations in the population may also be permissive to other forms of LoF such as deletion. To test this, we assessed whether genes were deleted by structural variation by analyzing OMIM genes on the X chromosome in the Database of Genomic Variants (DGVs, http://dgvbeta.tca g.ca/dgv/app/home), representing structural variation in control samples (47) . About 47.4% of OMIM genes (27 of 57) with putative LoF variants were also deleted by structural variation in controls, whereas for OMIM genes without putative LoF variants, only 37.6% (44 of 117) were fully deleted (Supplementary Material, Table S4 ). These results suggest that LoF variant and deletions can overlap, and with further genomic data, additional patterns of tolerated LoF may emerge.
Disease genes on the X chromosome could also have particular functional characteristics that could help in deciphering genes without known function. We examined whether Xlinked disease genes tend to reside in particular annotated pathways. To do this, we performed pathway analysis for OMIM disease genes compared with all the genes on the X chromosome using WebGestalt (http://bioinfo.vanderbilt. edu/webgestalt) (48) . Metabolic pathways (KEGG) (49) were the most enriched among X-linked disease genes (Supplementary Material, Table S5 ). Interestingly, of the 20 metabolic pathway genes, only three genes, 15% (OTC, ALAS2 and ALG13), had putative LoF variants in ESP. In contrast, 57 of 174 X-linked OMIM disease genes (33%) had putative LoF, and 352 of 755 X-linked genes (47%) had putative LoF. The relative depletion of LoF variants in metabolic pathway genes support their function in disease and suggest that future consideration of other metabolic pathway genes may also reveal new disease candidates.
In summary, we used the dN/dS ratio from ESP population exome data as a method to prioritize putative disease causing genes on the X-chromosome. Supplementary Material, Table S2 summarizes dN/dS scores for all the genes on X-chromosome. We also made available an online sequence analysis dN/dS tool at http://humangenetics.ucsf.edu/sequencing-tool/.
This allows for calculation of dN/dS for any given coding sequence and the number of variants within the sequence. The output results are the total number of putative synonymous/ synonymous sites and the dN/dS ratio. The dN/dS ratio from any coding gene or region within the gene of interest can be queried.
DISCUSSION
Despite advances in sequencing technologies for clinical diagnostics, it remains challenging in exome analysis to identify the key mutation for an underlying disease for a given patient. De novo mutations are suggestive, but additional gene annotations are needed to interpret contribution to disease, particularly with genes not yet associated with disease. For inherited variants, males tested by exome sequencing will have maternally inherited X-chromosome variants that may be important, but these would be of unclear functional significance without additional gene annotation. We have developed a basis to prioritize genes with a greater probability to cause disease. By studying variation in sequenced later-aged individuals, we can learn about genes important in earlier stages of life.
Analysis of non-synonymous to synonymous substitution rate of all X-linked genes in NHLBI ESP revealed that OMIMannotated disease genes have a lower average dN/dS ratio. More importantly, lower dN/dS ratios are correlated with diseases with childhood mortality. This may be especially important for predicting serious pediatric conditions. Our study is interesting since we demonstrated correlation of dN/dS with diseases that have childhood mortality. Our data suggest that genes with a lower dN/dS ratio are more likely to cause disease, and these can be prioritized for study in subsequent gene discovery studies. We also found that putative LOF variants, although less numerous than missense variants, are depleted in disease genes overall, but individual LOF variants may also need further investigation for effect on function.
We also analyzed the distribution of the missense and synonymous variants from ESP along the coding sequences of all X-linked genes. We found that regions depleted in missense variants are highly correlated with those enriched in pathogenic variants relevant for human disease. For example, mutations in the ATRX gene cause alpha-thalassemia/mental retardation syndrome. Pathogenic variants are clustered in two regions, one in an N-terminal zinc finger domain and another one in C-terminal helicase domain (50) . These two regions are depleted for missense variants in ESP, suggesting that variant patterns in ESP can be helpful in predicting where variants would be clinically significant. HCFC1 encodes a transcriptional regulator implicated in X-linked mental retardation and a cobalamin disorder. Pathogenic variants occur in the highly conserved N-terminal Kelch domain (51) . We found that the same region is depleted for missense variants in ESP. Most X-linked genes do not have known pathogenic variants. Thus, the distribution of missense variants in sequenced populations could be utilized to predict regions that would harbor new pathogenic variants in these genes. Since whole exome sequencing often identifies multiple candidate variants, it is often difficult to determine pathogenicity. We demonstrate that the pattern of population variants may also be used as a tool to predict regions more likely to have pathogenic variants.
Our studies provide methods for prioritizing X-linked genes that have a greater probability of causing significant disease, and this will be useful for the interpretation of exome variants. Using this concept, interpretation of variants can be extended to include population-based genic variability. This can be used in addition to information on family structure and nucleotidelevel change. In addition, as more genome-scale analyses are performed, even for non-pediatric diseases, our ability to interpret exomes for severe childhood conditions should improve.
We showed the first time that we can evaluate genes using an intrahuman variant substitution rate calculated from 6503 samples in the NHLBI ESP. Some studies have described approaches for evaluating variant pathogenicity by examining sequence (9, 16, 52, 53) . The former study (9) is based on variant data from smaller numbers of samples. Other studies (16, 52, 53) used different approaches to assess variant data, but they did not utilize intrahuman variant substitution ratio as shown in our study nor do they assess localized regions of proteins with variant depletion. For example, haploinsufficiency scoring (52) utilized copy number variation and several factors including interspecies conservation and did include some X-linked genes. A dN/dS ratio is not limited by previous gene annotation and can be calculated for any protein-coding gene. Our intrahuman dN/dS ratio is applicable to all X-chromosome protein-coding genes and adds direct information from growing human single-nucleotide variability data. Piton et al. (11) examined genes implicated in X-linked intellectual disability and used nucleotide substitution ratios to evaluate candidates for this phenotype. Our results provide evidence for generalization of this concept by evaluating all coding X-linked genes and assessing genes for multiple disease phenotypes. Our results using ESP population data on X-linked genes provide evidence for the importance of adult exome data for pediatric phenotypes.
These results are potentially useful for disease prediction, but our methods have several limitations due to currently available resources. The NHLBI ESP does include data from symptomatic individuals, especially from people with adult diseases such as cardiovascular disease. The ESP database does not provide information about which variants were from healthy or diseased individuals. However, most variants observed in a particular gene are likely from individuals that do not have a specific disease linked to that gene. Thus, the influence of having diseased individuals in the analysis will be greatly diluted, which makes it possible to use the ESP data for the analysis. Since our analysis is based on purifying selection, it is likely to be most relevant for early-onset conditions and not for lateonset diseases. Our analysis of clinical correlation used the disease databases OMIM and Orphanet, and databases can be incomplete given lag between gene -disease association and annotation. To help account for this, we used PubMed searches for the genes with the lowest substitution ratios and still found several candidate genes that are not disease annotated, but are expected to play an important function. The results of our studies are likely the most useful for pediatric and other early-onset diseases. Regarding the dN/dS ratio and clinical outcome, annotation of disease phenotypes including onset of disease and age of death for diseases are still incomplete; thus, correlation between dN/dS ratio and disease due to each gene will require further refinement with more clinical data and exome results.
We observed a greater variability in dN/dS in small genes, and this may reflect the limited number of variants even in ESP. Small genes with a low dN/dS ratio may indicate disease association or simply be due to the variability of the dN/dS value for small genes. We cannot exclude the possibility that some small genes with a low dN/dS ratio may not have accumulated sufficient variant data given the limited ESP data. We expect that the dN/dS ratio will be increasingly accurate with further exome data. Homozygotes in ESP may also represent outliers. Also, some known disease-associated genes might be missed by dN/dS prioritization, possibly because they have regions that are depleted for synonymous variants, as well as regions that are enriched for synonymous variants (for example, MECP2 in Fig. 4 ). This variation within a gene may dilute the overall consequence of dN/dS ratio as a whole gene. For large genes, further analysis of the dN/dS ratio in gene regions may be of further interest.
The intrahuman dN/dS ratio can be further applied as more variation data emerge. Our results provide evidence for the utility of intrahuman dN/dS, although the limits need further research (12) . Future analysis of genomic data might identify other genes with dN/dS ratios suggestive of disease. Analysis of dN/dS is not limited to X-chromosome. It can be done for any genes of interest using our online tool link. Genes with suggestive dN/dS ratios would also be strong candidates for severe diseases that significantly affect reproductive fitness, and these are likely to be priority genes for detection in early disease screening and prognostication.
MATERIALS AND METHODS
Variant data
Exome variant data were obtained from the NHLBI GO ESP (1) (1) . The individuals had a variety of cardiac and pulmonary conditions including cardiovascular disease, chronic obstructive pulmonary disease, pulmonary hypertension, myocardial infarction, or they were postmenopausal women. These sample collections include adults with many of ages of at least 50 and 60 years of age, while some collections included down to early-aged adults. The cystic fibrosis collection was the only one that included children. Individual phenotypes are not released from the ESP database. All bulk variant data from ESP were used for analyses. Chromosome positions are based on Genome Reference Consortium Human Build 37 (GRCh37/hg19).
Substitution analyses
The intrahuman dN/dS ratio was calculated by evaluating the number of non-synonymous (N) and synonymous (S) variants for each gene on the X-chromosome using all the data from EVS and accounting for the theoretical potential number of nonsynonymous and synonymous sites based on the gene sequence. dN is the ratio of the number of non-synonymous (N) variants divided by the number of total non-synonymous sites (N sites). dS is the ratio of the number of synonymous (S) variants divided by the number of total synonymous sites (S sites). The distribution of dN and dS were compared for all genes, and then dN/dS ratio was calculated for each gene and further examined.
The number of total putative N sites and S sites for each gene were calculated by DnaSP (14) using the Nei and Gojobori method (7) . Briefly, all nucleotides in the coding region of each gene were examined to test whether the nucleotide changes would result in synonymous substitutions (S sites) or non-synonymous substitutions (N sites). The genetic code table shows that all substitutions at the second nucleotide positions of codons are non-synonymous, while a fraction of the nucleotide changes at the first and third positions are synonymous. To calculate the total putative synonymous sites, we assume equal nucleotide frequency and random substitution. Thus, we can calculate the number of synonymous sites (S sites) and the number of nonsynonymous sites (N sites) for each codon. For example, in the case of codon TTA (Leu), N sites are 7/3, and S sites are 2/3. The total putative N/S sites for a given gene are the sum of the putative N/S sites for all the codons in the gene. OMIM disease entries were obtained from the OMIM database using MIM Number Prefix # (phenotype description and molecular basis known). The gene list was extracted from Gene Links associated with the disease phenotypes. Disease onset or death was organized into three categories: childhood, adulthood and variable based on disease onset/death data from Orphanet (15) (http://www.orphadata.org). For each gene, its corresponding disease was examined for whether it typically caused childhood death, adult death, or did not cause death or led to death variably.
To assess genes that were deleted by structural variation in control samples, we analyzed the DGV for all OMIM genes on X chromosome. This database represents structural variation identified in healthy control samples (http://dgvbeta.tcag.ca/ dgv/app/home) (47) .
Pathway analysis was performed using WebGestalt (48) (http://bioinfo.vanderbilt.edu/webgestalt) using all genes on X chromosome as the reference gene set. All OMIM disease genes were used as the gene list for analysis. KEGG pathways were used for enrichment analysis, parameters included: hypergeometric statistic with multiple test adjustment using the Benjamini and Hochberg method.
CADD scores (16) , combined network scores (19) , phyloP scores (17) and phastCons scores (18) were retrieved using dbNSFP v2.4 (54, 55) . Logistic regression and ROC curves were made by R (http://www.r-project.org/). For comparing individual parameters used to predict OMIM disease genes, genetic_ degree, signaling_degree, num_networks and num_interfaces are not shown due to insufficient data on X-chromosome. Histograms and plots were generated using R graphics (http://www. r-project.org) and ggplot2 package for R (http://ggplot2.org/). Protein domains were retrieved from the Superfamily database and the SMART database in Ensembl.
Statistical analysis
Statistical tests were performed using R (http://www.r-project. org). For dN/dS ratio comparisons between two categories, P-values were calculated by the two-sample Wilcoxon test (twosided). For dN/dS ratio comparisons between three categories, P-values were calculated by the Kruskal -Wallis Rank Sum test. To compare variant numbers on X-chromosome with autosomal chromosomes, P-values were calculated by the Wilcoxon signed ranked test (two-sided). We used the x 2 test to identify variants that violate Hardy -Weinberg Equilibrium (P-value ,0.05).
ADDITIONAL RESOURCES
Shieh lab tool is available at http://humangenetics.ucsf.edu/ sequencing-tool/. It can be used to calculate the dN/dS ratio for any protein-coding gene or any regions within the gene of interest. The calculation is based on the Nei and Gojobori method (7) .
